For the backward-pumping configuration, when the input sion is Small and the ASE noise-free model provides a fair ciency. [ signal is sufficiently high, the total pump-to-ASE converapproximation of the signal gain and conversion effi- Abstract-Theoretical analysis of a 100-km-long transparent germanosilicate distributed erbium-doped optical fiber has been carried out. It is shown that the optimum signal wavelength is 1.554 p m both considering the noise performance and the necessary pump power for achieving unity gain when the distributed erbium-doped fibers are pumped at 1.48 pm.
I. INTRODUC~ON
T has recently been shown that low signal excursion is I required [ 11 in optical long-distance transmission systems; thus, distributed erbium doped optical fibers are applicable. Although previous work often has concentrated on the gain effective signal wavelength around 1.536 p m [21, [31, other signal wavelengths are also usable for transmission through distributed erbium-doped fiber amplifiers (EDFA'S). We have performed a detailed study of the distributed amplifier and identified the optimum signal wavelength, with respect to the necessary pump Manuscript received February 7, 1992 power for achieving transparency and the signal-to-noise ratio at the signal output end of the fiber. The analysis is based on an accurate numerical model of a germanium-codoped distributed erbium-doped optical fiber [4] . Compared to the analytical model in [5] , our numerical model includes a precise mode description of both the pump and signal power. Furthermore, it is not assumed that the distributed EDFA is operated in the small-signal regime. The minimum pump power and the noise figure are very sensitive to the accuracy of the wavelength dependency of the emission and absorption cross sections used in the model. The cross sections used here have been carefully determined from fluorescence and absorption measurements [4] . From this a 2-nm wavelength separation between each sample of the cross sections is achieved. Values within this spacing are found by interpolation. Throughout this letter the length of the fiber is 100 km with a numerical aperture of 0.2 and a LP,, cutoff wavelength of 1.22 pm, which results in a positive fiber dispersion of 3.2 ps/(nm km). The erbium dopant radius relative to the fiber core radius is 0.8 [6] . The distributed erbium-doped amplifier is pumped at 1.48 pm. This is the only choice due to the high intrinsic loss at other pump bands. The intrinsic loss is 0.23 dB/km at both the signal and pump wavelength. A bidirectional pumping scheme is used and the pump power values in the following are the total launched pump power.
BASIC CONSIDERATIONS OF DISTRIBUTED
AMPLIFICATION For erbium-doped fiber amplifiers pumped at 1.48 pm, the threshold pump power is defined for an infinitesimal fiber piece at O-dB small-signal gain. The threshold pump power is an increasing function of the ratio ua/q between the absorption and emission cross sections at the signal wavelength. Also, the noise figure increases with the same ratio, indicating that the system performance may be improved by moving toward longer signal wavelengths where ua/ae is lower. However, the necessary pump power for achieving transparency also depends on the magnitude of the emission cross section, which favors the signal wavelengths around the emission cross-section peak. In germanium-codoped EDFAs the emission spectrum shows a pronounced peak around 1.534 p m and a weaker around 1.554 p m [4] . In the following we analyze and compare distributed EDFA's used in long-distance communication systems, in order to identify the optimum signal wavelength. Thereby it will be shown that the benefits related to the lowered absorption to emission cross-section ratio at the 1.554-pm signal wavelength are stronger than the drawbacks related with the weaker emission strength.
The signal-to-noise ratio at the signal input end of the fiber may be different at different signal wavelengths. This initial difference may occur at high signal powers when the optical Kerr effect in the fiber is used to form solitary pulses [71, or when the signal power level is fixed. First we consider an equal signal-to-noise ratio at the signal input end of the fiber equivalent to a fixed input mean signal photon number. The signal-to-noise ratio at the output end of the fiber is (S/N),,ut = ( n o ) / F for a coherent source [8] , where ( n o ) is the mean number of signal photons emitted from the source and F is the noise figure of the fiber. Comparing the two signal wavelengths A, and A,, the signal-to-noise ratio, valid at the signal output end of the fiber, is related through (S/N),l = F2/F1 ( S / N ) , , Fl and F2 are the noise figures calculated at A, and A, with the two signal powers PI and P,, respectively. Second, if the initial signal-to-noise ratio is different, the signal-to-noise ratio at the signal input end is typically is less than 0.2 dB, the following discussion will be focussed on the factor F2/F1. power is 0.1 mW, and the curves are shown for different levels of erbium concentrations. From the figure it is seen that both the necessary pump power and the noise figure are strongly dependent on the signal wavelength and the erbium concentration. It is observed that the necessary pump power for transparency has minima at the two signal wavelengths of 1.534 and 1.554 pm. These two wavelengths coincide with the wavelengths where the emission and absorption spectra have peaks. However, the noise figure also has maxima at these two signal wavelengths, and it is not clear whether an optimum signal wavelength exists when the noise figure is considered.
OPTIMUM SIGNAL WAVELENGTH
Thus, comparisons of the noise figure must be made on the basis of an equal pump power level. Fig. 2 shows the noise figure as a function of the signal wavelength. Curves are shown for different levels of pump powers and for each point in the figure the erbium concentration is adjusted until transparency is obtained. From this figure it is seen that the optimum signal wavelength with respect to the noise figure is 1.554 p m for all the pump power levels shown. From Fig. 2 it is further seen that the curves have a local minimum at 1.534 pm, but around this signal wavelength the noise figure is very wavelength dependent. Around 1.554 p m the noise figure is less sensitive to variations in the signal wavelength. The two signal wavelengths, 1.534 and 1.554 pm, are compared in further detail in the inset of Fig. 2 . For the 1.534-pm signal wavelength the lowest necessary pump power for transparency is 50.9 mW, which results in a noise figure of 21.5 dB. The lowest pump power for the 1.554-pm signal wavelength is 48.6 mW, resulting in a noise figure of 17.8 dB. Considering next a fixed pump power consumption of 100 mW, a noise figure of 14.4 dB is achieved at the 1.534-pm signal wavelength, whereas the 1.554-pm signal wavelength results in a noise figure of 13.1 dB, which is an improvement of 1.3 dB. From the figures it is therefore concluded that the optimum signal wavelength is 1.554 CLm.
The conclusions above are based on calculations for a 100-km-long distributed EDFA having an erbium dopant radius 0.8 times the fiber core radius. However, under the assumption that the cross-section spectra are independent on the fraction between the erbium dopant radius and the fiber core radius, the above conclusion is valid at other values of this fraction. Furthermore, it is expected that the optimum signal wavelength is the same at other fiber lengthst51. Calculations for a fiber with the erbium dopant radius changed to 0.02 times the fiber core radius result in the same optimum signal wavelength. However, the minimum pump power at 1.554 p m is reduced to 35.0 mW and the noise figure at 100-mW pump power is 12.8 dB.
Changing the fiber length to 50 km also results in the same optimum signal wavelength. In this situation the minimum pump power for transparency is 11.5-mW. In nonlinear systems the signal power excursions should remain below 10 dB in order not to dominate the amplitude noise and the timing jitter [l] . Our calculations shows that the signal power excursions increases with decreasing pump power. More important, the signal wavelength where the signal power excursions are lowest are coinciding with the optimum signal wavelength, 1.554 pm. For a pump power of 50 mW the signal power excursions was below 4 dB.
To calculate the improvement ( F 2 / F 1 ) , it is as mentioned earlier essential to evaluate the signal-to-noise ratio at the signal output end of the distributed EDFA. In the previous analysis a fixed signal power of 0.1 mW was used at the two signal wavelengths. At this signal power the distributed EDFA is operated in the large-signal region as the gain decreases with increasing signal power according to Fig. 3 . A comparison between different signal wavelengths may be performed on the basis of an equal signal-to-noise ratio at the signal input end of the fiber or the same solitary pulse. Thus, the signal power launched to the distributed EDFA has to be adjusted, and hence the noise figure will change according to Fig. 3 . However, calculations show that the noise figures change less than 1% when the signal power is adjusted either to give the same solitary pulse or an equal signal-to-noise ratio at the signal input end of the fiber at the two signal wavelengths, 1.534 and 1.554 pm, considered in this communication.
IV. CONCLUSION
In a 100-km-long distributed erbium-doped fiber amplifier, different signal wavelengths, in the region between 1.530 and 1.560 pm, are compared with respect to the necessary pump power for achieving transparency and noise performance. It is shown that the 1.554-pm signal wavelength is the optimum choice. Further comparisons of the 1.534-and 1.554-pm signal wavelengths show that the necessary pump power for achieving transparency is reduced by 2.3 mW when the latter signal wavelength is used. Working where the pump power consumption is minimized results in an improvement of 3.7 dB in the noise figure. Furthermore, an improvement in the signalto-noise ratio at the signal output end of the fiber of 1.3 dB is achieved when the pump-power consumption is fixed at 100 mW for both signal wavelengths.
